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THE VIRTUAL TEMPORAL BONE: AN INTERACTIVE THREE-DIMENSIONAL 
LEARNING AID FOR SKULL BASE SURGERY
Ralf A. Kockro, M.D. and Peter Hwang, M.D.
Article summary
We have developed a three-dimensional computer generated model of the 
temporal bone for training and teaching of skull base surgery. The model was
based on the tomographic data of the Visible Human, a project which produced 
1mm photographic slices of a plastinated human body. The Visible Human’s data 
was three dimensionally reconstructed and modeled by using three dimensionally 
interactive outlining and tube editing tools. We displayed the virtual temporal 
bone in workstations which originate from the research field of Virtual Reality and 
whose interfaces enable volumetric exploration from any perspective and provide 
virtual tools for drilling and measuring. During neurosurgical training courses we 
have simulated skull base procedures including approaches via the floor of the 
middle fossa and the lateral petrous bone. The virtual model was found to be 
very useful to illustrate the core facts of anatomical spatial relationships while 
simulating different stages of bone drilling along a variety of surgical corridors. 
The system provides an effective way to study the essential surgical anatomy of 
this complex region and to teach and train operative strategies especially when 
used as an adjunct to cadaver dissections.
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dimensional computer generated model of the temporal bone and adjacent skull 
base and we have had excellent experiences when using it for training of skull base 
surgery. In this paper we are illustrating the various approaches we have been 
simulating and we are comparing our experiences with other virtual training 
environments available. Our virtual temporal bone model is based on the 
Dextroscope technology which has been previously published for planning of 
surgery with patient specific imaging data. However, the results presented in this 
paper show our first steps in developing non-patient specific models which have a 
higher degree of anatomical structural detail. We hope that this paper can 
demonstrate that virtual reality technology and synthetic anatomical and surgical 
workspaces have the potential to revolutionize neurosurgical training as we know it.
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Objective
We have developed an interactive virtual model of the temporal bone for 
training and teaching of skull base surgery.
Methods
The virtual model was based on the tomographic data of the Visible Human
Project. The male Visible Human’s CT data was volumetrically reconstructed
as virtual bone tissue and the individual photographic slices provided the 
basis for segmentation of middle and inner ear structures, cranial nerves, 
vessels and brain stem. The creation of these structures was achieved by 
using outlining and tube editing tools allowing structural modelling either 
directly on the basis of the photographic data or according to information from 
textbooks and cadaver dissections. For training and teaching the virtual model
was accessed in the previously described 3D workspaces of the Dextroscope 
or Dextrobeam, whose interfaces enable volumetric exploration from any 
perspective and provide virtual tools for drilling and measuring.
Results
We have simulated several skull base procedures including approaches via 
the floor of the middle fossa and the lateral petrous bone. The virtual model
was found to be suitable to illustrate the core facts of anatomical spatial 
relationships while simulating different stages of bone drilling along a variety 
of surgical corridors. The system was used for teaching during training 
courses to plan and discuss operative anatomy and strategies.
Conclusion
The Virtual Temporal Bone and its surrounding 3D workspace provide an 
effective way to study the essential surgical anatomy of this complex region
and to teach and train operative strategies especially when used as an 
adjunct to cadaver dissections.
Running title:  Virtual Temporal Bone
Key words: neurosurgical training, virtual reality, three dimensional imaging, 
virtual temporal bone
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1. Introduction
A detailed understanding of the three dimensional anatomy of the temporal 
bone is crucial for the neurosurgeon who desires to perform skull base 
surgery safely and effectively. Learning this region’s intricate anatomy and 
moreover understanding the surgical corridors in relation to it usually involves 
much effort, including studying atlases, assisting experienced surgeons, and 
above all, spending many hours dissecting cadaveric temporal bones. The 
quantity of such bones that need to be dissected per student before a 
reasonable level of confidence is achieved to begin actual surgery is not small 
[14, 23, 24] and a large proportion of the time spent and bones used initially is 
expended in climbing the learning curve of trying to understand and 
appreciate the basic three dimensional relationships of the structures along 
the various surgical routes. In addition, cadaveric temporal bones are not 
easily available and carry with them the risks of transmission of infectious 
agents [22]. We have developed a Virtual Temporal Bone based on 
interactive three dimensional and stereoscopic Virtual Reality environments
[17, 18, 31, 32] which allow the simulation of surgical pathways and 
viewpoints in order to help neurosurgeons to surmount the learning curve of 
comprehending the essential three dimensional temporal bone anatomy as it 
is encountered along various surgical trajectories. Combining this virtual 
training environment with cadaveric bone dissections may simplify and 
shorten the process of becoming proficient in surgery of this challenging 
region of the skull base.
2. Materials and Methods
The Dextroscope and Dextrobeam
The Virtual Temporal bone was generated by a suite of software tools 
developed around the Dextroscope and Dextrobeam, visualization and image 
processing workstations which emerged from the research field of “Virtual 
Reality”. They have been described previously for patient specific surgical 
planning [1, 17, 18, 34]. The underlying philosophy is to use natural 3D hand 
movements, instead of mouse and keyboard to work with 3D computer 
generated data. In the Dextroscope (Fig. 1) the user manipulates the 3D data 
by working with both hands inside a stereoscopic virtual workspace, which is 
essentially a computer generated 3D scenario decoupled from the monitor 
screen by a mirror reflection [17, 32]. The Detrobeam consists of a similar 3D 
workspace; the difference is that the polarized stereoscopic 3D data is 
displayed on a large screen while working with it. This set-up allows 
interacting with 3D data while sharing and discussing the 3D information with 
a larger audience [18, 31].
The virtual workspaces of the Dextroscope and Detrobeam provide several 
segmentation and simulation tools, which have been especially adapted for 
the generation of the Virtual Temporal Bone. 
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Technique of creating the Virtual Temporal Bone
The virtual temporal bone described in this paper is based on the data of the 
male Visible Human [3, 4]. The CT data of the Visible Human was used to 
generate the virtual bone structure. This was achieved by using hardware 
accelerated 3D texture based volume rendering, resulting in a voxel-based 
volumetric display, which can be color and transparency coded. 
The photographic data of the individual Visible Human slices provided the 
basis for the polygonal segmentation and modelling of soft tissue structures 
like the brain stem, vessels and cranial nerves. Minute structures, which were 
not clearly visible in the imaging data like some cranial nerves, the labyrinth 
and the ossicles were modelled according to the anatomical information from 
textbooks and pictures from cadaver dissections. The creation of these 
structures was achieved by using manual segmentation methods with 
software tools programmed for the use in the Dextroscope. One set of tools 
enables the user to draw contours on individual planes and subsequently 
generate a polygonal 3D structure whose shape can then be modified in 3D 
space [7]. Other tools enable the creation of tubular structures of any 
curvature, length or diameter. The tube generating software was used to 
design the semi-circular canals, the cranial nerves and the vasculature.
All volumetric and polygonal structures are displayed in perspective stereo. 
The interaction speed is 10 to 20 frames per second, depending on the 
amount of data loaded and displayed.
Software tools for working with the Virtual Temporal Bone
The Dextroscope and Dextrobeam provide a set of tools for volume 
exploration like cropping, clipping, zooming and transparency alteration of the 
whole data or individual structures and regions. A virtual fork allows picking a 
segmented object to detach it from its surroundings for closer inspection of 
the object itself (e.g. an ossicle) or the area left behind. To measure and mark 
distances lines can be drawn between any two points in 3D space. These 
lines may also be set to snap to a surface, resulting in the display of curved 
linear distances for example to measure the position of a craniotomy related 
to bony cranial landmarks. If two straight lines intersect, the angle in between 
can be displayed. To simulate bone drilling a voxel-editing tool with the shape 
of a spherical drill with adjustable sizes can be introduced into the 3D data. 
The voxels covered by the shape of the tool are immediately turned 
transparent, thus simulating a bone drilling procedure, while the polygonal 
structures like semicircular canals or nerves can be set to remain intact. By 
choosing a “voxel restoration tool” the voxels can be restored to original 
values.
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3. Results
The virtual temporal bone was used to simulate, study, and rehearse the 
following skull base approaches:
1. Superior approaches: via the floor of the middle fossa
2. Lateral petrosectomy approaches: These were subdivided into:
2.1. Superior-lateral approaches targeted over the internal acoustic 
canal of the petrous temporal bone
2.1. Inferior-lateral approaches targeted around the jugular foramen
3. Inferior approaches: these were the far-lateral and extreme lateral 
approaches targeted around the occipital condyle.
An overview of the virtual temporal bone from a right superior-lateral as well 
as from a superior-posterior viewpoint is given in Figures 2 a-c. These figures, 
as well as all the following figures are printed in anaglyphic stereo, which 
requires the use of the red-green glasses attached to this issue for three-
dimensional perception. 
In addition a digital video (in wmv format) has been produced which illustrates 
the approaches as described below. The video is also recorded in anaglyphic 
stereo and requires red green glasses to be viewed in stereo. 
1. Superior middle fossa approaches
The corridor of these approaches leads below the temporal lobe to the 
superior aspect of the petrous temporal bone. The important structures along 
this approach include the superior semicircular canal forming the arcuate 
eminence (AE), the greater superficial petrosal nerve (GSPN), the petrous 
internal carotid artery (PetICA) and the trigeminal nerve (5) and its divisions
(Fig. 3 a-b). In practice a temporal bone craniotomy is performed down to the 
floor of the middle fossa and the temporal lobe is gently retracted to release 
cerebrospinal fluid from the ambient cistern until the brain is lax. The 
subtemporal perspective then exposes the floor of the middle cranial fossa 
and the petrous apex. Understanding the position of the structures below the 
bone surface is of utmost importance before drilling the bone. In 3 a-b the 
transparency effect of the virtual bone tissue reveals the important spatial 
relationships from a simulated intra-operative perspective.
Locating the Internal auditory canal (IAC)
Several methods have been advocated to help locate the dural sleeve of the 
IAC from the middle fossa perspective: 
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1) tracing the GSPN posteriorly to the geniculate ganglion, identifying the 
origin of the lateral labyrinthine segment of the facial nerve and following it to 
the lateral end of the IAC [11, 28] (according to Rhoton et al. [27, 28] the 
greatest length of the GSPN covered by bone is 6 mm and in 50% of cases 
less than 2.5 mm are covered. In our virtual model 4 mm were covered.)
2) estimating the location of the IAC by bisecting the angle between the 
GSPN and the arcuate eminence [8]. 
In our virtual model we have measured the angle between GSPN and the long 
axis of the SSCC to be 100.04 degrees and measured the IAC to be about 50
degrees medial to the axis of the SSCC, which is approximately halving the 
angle (Fig. 3 c). It is worth noting however, that the long axis of the arcuate 
eminence in our model was not exactly reflecting the axis of the position of the 
SSCC. We can confirm this observation by our own cadaver dissections and 
surgical experience. Intra-operatively the exact location of the SSCC may be 
identified by carefully drilling over the AE in the area posterior to the genu of 
the facial nerve.     
Anterior petrosectomy
The anterior petrosectomy increases the exposure towards the pre-pontine 
cisterne and the anterior brainstem region. In their original papers Kawase et 
al. describe the area of drilling to be surrounded by the trigeminal ganglion 
anterior-medially, the GSPN anterior-laterally, the arcuate eminence posterior-
laterally and the carotid canal and IAC inferiorly [15, 16]. A Kawase triangle 
has later been described with the boundaries being the GSPN, petrous ridge 
and the arcuate eminence [5]. We have outlined the borders of the Kawase 
triangle using the virtual linear measurement tools and simulated the drilling of
the anterior petrous temporal bone to expose the anterior brainstem region
(Fig. 3d). The relationship to the IAC and the 7/8th nerve complex from this 
perspective could be clearly demonstrated, however it is important to 
understand that the proximal IAC may lie within the area of drilling of the 
classic Kawase triangle. By working with our virtual model we concluded that 
in surgical practice the area of safe drilling may be defined by firstly estimating 
the location of the IAC by using the methods as described above and 
subsequently drilling the ridge of the petrous bone medially to this line 
towards the dural ostium of Meckel’s cave. The drilling may then be extended 
anteriorly for about 8-10 mm and deepened towards the level of the inferior 
petrosal sinus (Fig. 3 e).      
2. Lateral petrosectomy approaches
The lateral approaches were farther subdivided into superior approaches 
targeted around the vestibular-cochlear inner ear structures to expose the 
IAC, and inferior approaches concentrating on pathologies around the jugular 
foramen.
2.1. Superior lateral approach- targeted around the internal auditory 
canal (IAC)
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The important structures that one must have a mental image of when 
performing these supero-lateral approaches, are shown in Figure 4. These 
include particularly the sigmoid sinus, the semicircular canals and the facial 
nerve.
Pre-sigmoid retro-labyrinthine approach
The pre-sigmoid lateral petrosectomy opens a useful corridor to the anterior 
brain stem and cerebello pontine angle. The temporal bone is drilled to 
expose the sigmoid sinus and the floor of the middle fossa. The relatively soft 
and air cell containing petrous mastoid bone is then drilled anterior to the 
sigmoid sinus until the desired exposure is obtained. As one approaches the 
inner ear structures, the bone progressively becomes more cortical and 
harder which can be seen (more solid, no air cells), heard (changing pitch of 
drilling sound) and felt (more pressure needed). We have simulated a 
standard pre-sigmoid exposure with the virtual drilling tools, just revealing the 
surface of the posterior semi circular canal in order to get a feeling for the 
available space between the sigmoid sinus and the labyrinth (Fig. 5a). With 
more experience and familiarity with the anatomy of the inner ear structures
one may increase the exposure obtained from the pre-sigmoid approach by 
farther drilling to expose the bony capsule of the semi circular canals and the 
facial nerve, while preserving these structures (Fig. 5b). By using the space 
below the semi-circular canals it could be shown that this extended pre-
sigmoid approach allows access to the area of the lower cerebello-pontine 
angle around and beyond the upper portion of the foramen jugulare (Fig. 5b 
and c).
Trans-labyrinthine approach
Exposure of the cerebello-pontine angle and internal acoustic meatus can be 
obtained by this approach especially in patients who have lost useful hearing
or who are prepared to sacrifice hearing. We have simulated the essential 
steps of this approach: Drilling the mastoid (Fig. 6a) and exposing the 
semicircular canals usually starting with the lateral semi circular canal 
(LSCC), followed by the posterior and finally the superior SCC. The facial 
nerve facial nerve in its fallopian canal is found below the lateral curvature of 
the LSCC and medial to the tip of the incus (Fig. 6b). After careful 
identification of the facial nerve, which courses around the supero-lateral 
margin of the vestibule, the SCC are drilled away to expose the vestibule of 
the labyrinth which defines the lateral end of the IAC. Finally the IAC is 
opened after drilling away the complete labyrinth (Fig 6 c and d).
Trans-cochlear approach
The trans-cochlear approach is an antero-medial extension of the trans-
labyrinthine approach which provides access to the anterior brainstem and 
clival region. Wide exposure can be obtained by fully removing the bony canal 
of the facial nerve (VII) from the genu at the geniculate ganglion to its exit at 
the stylomastoid foramen. The facial nerve can be left in situ, but is usually 
transposed posteriorly to provide more space. The ossicles and tympanic 
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membrane are exposed and removed, the osseus external auditory canal is 
usually resected and the canal is closed (Fig. 7a) The cochlea is then 
removed by drilling. Drilling can be extended even farther by drilling the 
petrous apex and clival bone until the internal carotid artery is reached, which 
is usually the anterior limits of this approach (Fig. 7b). The jugular bulb is 
usually the inferior border of this approach and care needs to be taken since 
its height might vary from case to case. 
2.2. Inferior-lateral approach targeted around the jugular foramen (JF)
Infra-labyrinthine approach
A standard retro-sigmoid approach provides limited access only to the medial 
proximal portion of the jugular foramen and its contents. Farther access would 
require exposure of the infra-labyrinthine portion of the temporal bone: The 
sigmoid sinus and jugular bulb are exposed by drilling the bone over them. 
The lower pre-sigmoid petrous bone is drilled until the facial nerve in its 
fallopian bony canal is exposed. The semicircular canals may also be partially 
exposed from the inferior aspect and sacrificed to improve the access, but 
they can be left intact if hearing preservation is desired (Fig. 8a). 
Infra-labyrinthine supra-jugular approach
The jugular foramen can be approached by expanding the infra-labyrinthine 
approach with drilling the inferior temporal bone extensively to expose the
sigmoid sinus, jugular bulb and internal jugular vein (Fig. 8b). The semicircular 
canals maybe drilled away and the facial nerve may be entirely unroofed from 
its bony canal and transposed to give a wide unobstructed access.
Infra-labyrinthine trans-jugular approach
Further drilling can completely expose and free the sigmoid sinus and jugular 
bulb, which can then be displaced to increase the access to the jugular 
foramen (Fig. 8c). If an even larger corridor is required, the sigmoid sinus and 
jugular bulb can be ligated and cut to fully expose the jugular foramen and the 
field below it (Fig. 8d). Naturally one would have to ensure that the contra-
lateral sigmoid sinus is patent before doing so in a live patient.
3. Inferior approaches targeted around the occipital condyle
An overview of the anatomy from a posterior lateral perspective is given in 
Figure 9a. 
Far lateral approach
The far lateral approach (FLA) and its extensions are a valuable addition to 
the neurosurgeon`s armamentarium for dealing with lesions around the lower 
anterior-lateral brainstem and upper cervical cord. Identification and control of 
the vertebral artery (VA) is the key factor for these approaches. The virtual 
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model shows the course of the VA from the foramen transversarium of the 
first cervical vertebra (C1) along its groove along the upper border of the C1 
lamina (Fig. 9 b). A low retrosigmoid craniotomy is performed and the lateral 
lip of the foramen magnum opened. The suboccipital bone can be drilled until 
the occipital condyle and the atlanto-occipital joint is exposed. The jugular 
tubercle often partly obstructs the view to the vertebral artery and the origin of 
the posterior inferior cerebellar artery (PICA) (Fig. 9c). The jugular tubercle 
can be drilled off to increase the access and visualization.
Extreme lateral approach
The far lateral approach can be farther extended by drilling away the jugular 
tubercle. Farther exposure can be obtained by drilling off the occipital condyle 
partially. Most skull base surgeons concur that the posterior one third to 
perhaps half of the condyle could be drilled without the need for fusion. The 
drilling may be taken further to expose the hypoglossal canal, but then an 
occipito-cervical fusion is usually required. This provides greater access to the 
antero-lateral medulla, the intra-dural vertebral artery and the cranial nerves
7-12 and the hypoglossal canal (Fig. 9d). 
Extreme lateral trans-jugular approach
The sigmoid sinus and the jugular bulb may be fully exposed by drilling the 
bone over and around them (Fig. 9e and f). The sigmoid sinus and jugular 
bulb can then be displaced anteriorly, or ligated and cut (provided the venous 
drainage through the contra-lateral side is intact) to provide further anterior 
and superior access (Fig. 9g).
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4. Discussion
The temporal bone is a skull base region which combines complex three 
dimensional anatomy (vestibule-cochlear apparatus), intricate parts (cranial 
nerves 7 to 12) and vital functions (petrous internal carotid artery, jugular 
bulb). It is probably one of the most difficult and challenging areas for the 
neurosurgeon but the mastery of this domain opens gateways which allow 
access to otherwise inaccessible regions. Temporal bone skull base surgery
training is a long and tedious process, which requires much time spent 
acquiring two different skill-sets:
1. A detailed three dimensional understanding of the structures and 
component parts of the temporal bone, and most importantly their 
relationship with each other from different surgical perspectives and 
approaches.
2. Developing the manual dexterity skills to drill and dissect the temporal 
bone. This includes the proficiency in both gross and fine drilling in order 
to progressively reveal the temporal bone structures by following a mental 
three dimensional road map.
Traditionally, temporal bone anatomy has been taught by the use of two-
dimensional diagrams, pictures and atlases and by cadaveric temporal bone 
dissections performed repeatedly by the novice surgeon. The limitations of 
anatomical textbook drawings to teach complex three dimensional surgical 
concepts is naturally given by the fact that it takes a considerable mental 
effort to transform the illustrations into three dimensional imaginary constructs 
which reflect surgical viewpoints. In addition to anatomical drawings several 
groups have published textbooks which include photographs of cadaver 
dissection studies [13, 28, 29]. Most outstanding work has been done by 
Albert Rhoton and his group who have produced an excellent three 
dimensional schematic and cadaveric atlas of the temporal bone, its anatomy 
and surgical approaches [27]. This has been a major advance for skull base 
surgery and in fact, we have also used the publications of this group during 
the fine tuning of the modeling process of the 3D structures of our Virtual 
Temporal bone. The stereoscopic display used in some of the Rhoton et al.
publications is adding substantial value to spatial understanding and it 
confirms our belief that 3D data needs to be displayed in stereo in order to be 
able to fully perceive its 3D information. The limitation of all cadaver based 
atlases including the ones that are printed in anaglyphic stereo is however the 
fact that the lack of 3D manipulation prevents full appreciation of the three-
dimensionality of the specimens, especially with respect to specific viewing 
angles and the simulation of surgical steps.
Cadaveric temporal bones
Cadaveric temporal bones are the best source for learning temporal bone 
surgery. However the procurement of cadaveric temporal bones requires 
considerable financial and physical resources to harvest them from donated 
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cadavers and to store and prepare them for dissection. The dissection itself 
requires the set-up of a complete surgical laboratory with microscopes, drills, 
suction, irrigation and instruments in order to use the bones efficiently.
Furtherer more cadaveric temporal bones are not always readily available [14, 
22, 23, 24], especially in countries where cadaveric donation is contrary to the 
prevailing religious or cultural traditions. Cadaveric bones are associated with 
a small, but real risk of transmission of virus and prion related diseases to the 
staff handling the bones and the student dissecting them. [22, 23, 24].
Artificial temporal bones
Temporal bone plastic models with detachable component parts (for example 
by Anatomical Chart Company, Skokie, Illinois, USA) allow studying the 
anatomy of the temporal bone on a magnified scale by manually taking the 
model apart and assembling it again. The anatomic accuracy of these models 
however varies depending on the manufacturer and no surgical type 
manipulations are possible. In the early 1990, a technology called 
stereolithography emerged, which allows to turn CAD (computer aided 
design) 3D graphics by a layer-by-layer manufacturing process into three 
dimensional physical objects [2, 26, 35]. These 3D models may be derived 
from 3D graphical reconstructions from thin sliced cadavers [26 ] or they may 
even be manufactured patient specifically [2]. The advantage of these models 
is the training effect based on the simulation of surgical procedures with 
actual surgical tools. However, the disadvantages include the limitation of 
producing models with high structural resolution and the time and costs 
required to manufacture them.
Virtual temporal bones 
The advancement of three dimensional imaging, image processing hardware 
and software as well as virtual reality technology to display and interact with 
3D graphics has the potential to revolutionize the training of neurosurgery 
[33]. Several groups have segmented and three-dimensionally reconstructed 
the temporal bone and some of them have even made it available via the 
internet [38, 39, 41]. These models include most of the surgically relevant
structures and the user is able to inspect and slice them in various directions 
by using a mouse controlled user interface. Some simple surgical steps like 
opening the surfaces of some parts of the model are possible. Patient specific 
3D reconstructions of the temporal bone have also successfully been used to 
rehearse and plan specific surgical procedures [21]. Some groups have 
focused on the development of a comprehensive temporal bone surgery 
simulation environment including stereoscopic display and haptic feedback. 
Kuppersmith et al. were among the earliest workers in this field who 
conceptualized a virtual reality temporal bone dissection simulator in 1996 
[19, 20]. The group from The Ohio Supercomputer Center and Ohio State 
University developed a sophisticated Virtual Temporal bone dissection 
environment which displays the 3D graphics in a stereoscopic binocular 
viewing device mounted on an adjustable arm. Two force feedback devices 
enable the simulation of drilling and suctioning and allow interacting with the 
3D user interface (Fig. 10) [37, 40]. The group from the University of Hamburg
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Germany who has pioneered three dimensional segmentation of the Visible 
Human in a project called VoxelMan [10, 30] has developed a temporal bone 
surgery simulator called TempoSurg. The set-up is similar to the Dextroscope 
with a mirror based user interface enabling the interaction with a reflection of
3D graphics. The system incorporates a force feedback device and a foot 
pedal to control the speed of the virtual drill (Fig. 11) [9, 25]. The system also 
uses the data of the male Visible Human as a basis for segmentation;
however the degree of structural detail is somewhat limited with respect to 
cranial nerves and vasculature. The overall consensus of these projects is 
that working with the synthetic environments of virtual temporal bones has the 
potential to streamline resident training by improving the spatial understanding 
of anatomy and surgical concepts [12, 36, 42]. 
Bernardo et al reported in 2003 on an innovative design of an interactive 
virtual temporal bone dissection model [6]. It was based on stereoscopically 
rendered photographs from sequentially deeper cadaveric dissections of the 
temporal bone. The user was able to use a virtual, mouse controlled drill to 
erase the layers of images which generated the impression of a surgical 
approach. Although the system did not allow free virtual dissection since the 
viewing angles into the surgical cavities were restricted, the system still 
presented an elegant and effective solution to visualize the anatomy while 
virtually drilling in this complex terrain. Especially the clarity and realism of the 
photographic data was striking and this can hardly be achieved with synthetic 
3D graphics. 
We have been using the Virtual Reality set-up of the Dextroscope and 
Dextrobeam for patient specific planning of neurosurgical procedures in a 
large variety of cases [17, 18, 34]. These systems allow for the three 
dimensional reconstruction, fusion and segmentation of MRI and CT data as 
well as the display of segmented objects deriving from them. Their 
stereoscopic and three dimensionally interactive user interfaces enable 
surgical planning with tools for volumetric exploration as well as tools for 
measuring and simulation of bone or soft tissue removal. The main value of 
this technology has been seen by several groups in the intuitive and direct 
way of working with 3D data resulting in comprehensive spatial understanding 
and effective approach planning [1,34]. However, working with these systems 
on a patient specific basis is often limited by the amount of anatomical detail 
extracted during the segmentation process. Some cranial nerves, smaller 
blood vessels or inner ear structures are often either to difficult and time 
consuming to be segmented during the routine clinical workflow or they are 
beyond the resolution capabilities of MR and CT imaging. Our aim in 
developing the Virtual Temporal Bone was therefore to generate a model of 
this complex region, which is not patient specific but does contain all 
surgically relevant structures. Our focus was not to create photorealistic 
appearance of the structures but anatomically and spatially accurate shape 
and position.
When working with the Virtual Temporal Bone either individually or in 
collaborative sessions during skull base workshops we felt that the 
unrestricted manipulation of the three dimensional data is a key prerequisite 
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for the Temporal Bone’s spatial study and understanding. This includes 
rotation and translation by means of intuitive control tools as well as a zoom 
function which simulates intra-operative microscopic view points. In addition to 
the ability to manipulate the 3D data for the sake of viewing and exploring, the 
surgical training value of computer-generated models is greatly increased by 
tools that enable the simulation of drilling, cutting or displacement of 
structures. The user controlled “drilling” of virtual bone allows a 
straightforward simulation and yet clear understanding of surgical corridors 
and structures to be encountered. The teaching effect is furtherer enhanced 
by transparency tools allowing a view that is a distinctive and exclusive 
advantage in the virtual world of a simulation system: to see beyond the 
visible walls of a surgical corridor. Measurement tools complement the virtual 
armamentarium by allowing relating the course of the approach to 
surrounding target structures. We feel that Virtual Temporal Bone displayed 
on the Dextroscope/Beam provides the essential functions to train and teach
the structural anatomy and the surgical strategies of this delicate region: 
unrestricted and intuitive interaction with the 3D data combined with real time 
virtual drilling tools to simulate surgical paths from any direction. This freedom 
of manipulation however is achieved at the expense of tactile sensation or so 
called haptic feedback. In the actual surgical procedure, the tactile sensation 
of tissue or the bony resistance while drilling through the temporal bone is an 
important aspect of surgery. The ideal virtual temporal bone training system 
would include tools which realistically simulate intra-operative tactile 
sensations and covey them while performing virtual surgical maneuvers. The 
reality however is that realistic haptic feedback represents the most difficult 
technical challenge in the design of a simulator, especially in combination with 
the requirements and tools outlined above. We have experimented with a six 
degree of freedom tactile feedback device (Phantom, SensAble Technologies, 
Inc. Woburn, MA, USA) and achieved tactile feedback sensations similar to 
the systems described above [9, 25, 37, 40]. However, we were facing the 
problem that the freedom of moving and exploring the data with easily 
changing viewpoints was suddenly significantly restricted since the physical 
arm of the device was hindering intuitive volumetric exploration. But more 
importantly, we felt that the tactile sensation conveyed by the device barely 
reflected real intra-operative sensation. While the devices provide a feeling of 
resistance while resting with the virtual drill on the bone surface or while 
entering or exiting bone, the intra-operatively encountered nuances of drilling 
the soft mastoid bone versus the dense peri-labyrinthine bone can hardly be 
programmed and adjusted realistically. This may lead to false impressions 
during the training process and in addition the operation of the devices can 
complicate the simulation workflow and requires training by itself. 
Interestingly, our experiences were to some degree confirmed by Zirkle at al. 
[42] who have designed a trial to asses the Voxel-Man TempoSurg Virtual 
Temporal bone simulator [9,25 ] for the use of training of otolaryngologists. 
Although they conclude that the device overall improved resident training, 
they also mention that some junior trainees, who were not ready to pass a 
given task of drilling on the cadaver, did successfully complete the same task 
on the simulator. On the other hand, some experienced surgeons who 
successfully completed the cadaver tasks failed on the simulator. Due to 
these currently still existing technical limitations of force feedback devices we 
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abandoned their incorporation into our system until improved technology with 
much more refined simulation capabilities becomes available. Instead we are 
focusing on further enhancing the 3D user interface by integrating sound 
feedback and we are improving the graphical environment by developing 
deformable structures with surfaces that reflect shades and shadows. In 
addition we are adding anatomical details like the tentorium and posterior 
fossa vasculature and we are expanding the segmented virtual graphical 
space towards the cavernous sinus and the brain stem. 
5. Conclusion
The virtual temporal bone displayed on interactive three-dimensional user 
interfaces provides a useful three dimensional aid for the learning and 
practice of trans-temporal skull base surgery. We are able to illustrate, train 
and teach the essential concepts of the major approaches in this region 
comprehensively and effectively. Three-dimensional graphical environments 
can help to diminish the step learning curve associated with skull base 
surgery and compliment cadaver dissections in an enjoyable and at the same 
time very effective way. Their potential is still underutilized in neurosurgical 
training.
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Figure legends
Legends for Virtual Temporal Bone Figures:
AE – arcuate eminence
BS - brainstem
Co - cochlea
Con - occipital condyle
CT - chorda tympani
GSPN - greater superficial petrosal nerve
ICA - internal carotid artery
IJV - internal jugular vein
Inc – incus 
IPS - inferior petrosal sinus
JB - jugular bulbs 
LSCC - lateral semi-circular canal
Mal - Malleus
PCA - posterior cerebral artery
PICA - posterior inferior cerebellar artery
PSCC - posterior semi-circular  canal
SCA - superior cerebellar artery
SCC - semi-circular canals
SPS - superior petrosal sinus
SS - sigmoid sinus
SSCC - superior semi-circular canal
Sta - Stapes
TM - tympanic membrane
VA - vertebral artery
Ves - vestibule
3 - oculomotor cranial nerve
4 - troclear nerve
5 - trigeminal nerve
6 - abducens nerve
7 - facial nerve
8 - vestibule-cochlear nerve
9 - glossopharyngeal nerve
10 - vagus nerve
11- accessory nerve
12- hypoglossal nerve
Figure 1. The Virtual Temporal Bone displayed on the Dextroscope. The user interacts with 
the 3D data by holding tracked tools while reaching into a stereoscopic reflection behind a 
mirror. The left hand controls the three-dimensional movement of the virtual object while the 
stylus in the right hand serves as a virtual drilling or data exploration tool. The side monitor 
shows the same stereoscopic image as the one the user is working with and it can be used to 
view and discuss the ongoing virtual dissection process.   
Figure 2. Overview of the Virtual Temporal Bone. a-b) Temporal bone structures from a
superior anterior lateral perspective. a) The CT derived virtual bone is cropped along an axial 
plane, revealing parts of the virtual inner ear structures (for labels see list of abbreviations). b) 
shows the same perspective but with the virtual bone displayed semi-transparently. 1c shows 
the view towards the petrous bone from posteriorly and superiorly, the virtual bone being 
displayed semi-transparently.
Figure 3. Middle fossa approach. a) View of the floor of the middle cranial fossa from a lateral 
surgical perspective. b) shows the same view with bone displayed semi-transparently. The 
position of the inner ear structures under the bone surface becomes clear. c) Locating the 
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Internal Auditory Canal by halving the angle (100.04 degrees) between the axis of the 
superior semi circular canal and the greater superficial petrosal nerve. The distance along the 
floor of the middle cranial fossa between the medial part of the petrous ridge and the 
underlying internal carotid artery was measured in parallel to the lateral wall of meckels cave. 
The distance was measured to be approximately between 8 and 10 mm and may be used as
a reference of the posterior extent of the bone drilling during an anterior petrosectomy 
(Kawase approach, see text). d) anterior petrosectomy. The boundaries of Kawase`s triangle
have roughly been outlined with the virtual marker tools. They are defined by the petrous 
ridge, the arcuate eminence and the GSPN. The petrous bone within this triangle has been 
virtually drilled extensively to expose the anterior brain stem as inferior as the inferior petrosal 
sinus. Note the position of the 7/8 th nerve bundle in the depth of the drilled cavity, defining 
the posterior limit of safe drilling. e) Alternative land marking of the anterior pertosectomy. The 
underlying internal acoustic meatus has been defined with the method as described in c) and 
the petrosectomy has been performed medial and posterior to this line, extending anteriorly 
over an approximate distance of 8-10 mm. With this method the risk of falling with the drill into 
the internal acoustic meatus might be reduced.  
Figure 4. Temporal bone structures from a lateral perspective: important structures when 
operating from a lateral perspective include the sigmoid sinus (SS), the semicircular canals 
(SCC), the facial nerve in its fallopian bony canal (7), the tympanic membrane (TM), the 
internal carotid artery (ICA), the internal jugular vein (IJV) and the vertebral artery (VA).
Figure 5. a) Pre-sigmoid retro-labyrinthine approach. a) limited version: the temporal bone 
has been drilled to expose the sigmoid sinus and the area in front of it to provide a more 
anterior access compared to the retro-sigmoid approach. In this picture the bone was drilled 
as anterior as the posterior semicircular canal (in green) whose posterior most part is 
exposed. The facial nerve is not visible, it is covered by bone. b) extended version: the lateral 
(LSCC), posterior (PSCC), and superior semi-circular canals (SSCC) have been exposed by 
farther drilling while taking care to preserve their integrity. The 7th nerve in its bony canal can 
be defined by careful drilling. In the depth anterior lateral face of the brainstem with the exit of 
the 7/8th nerve bundle can bee seen. The vertebral artery is usually hard to reach with this 
approach. c) view from posterior towards the cavity of the extended pre-sigmoid approach. 
The inferior part of the surgical corridor allows access to the area of the jugular foramen and 
the lower cranial nerves. 
Figure. 6. Trans-labyrinthine approach. Mastoidectomy with the approximate upper limit at a 
horizontal line along the zygomatic arch. The sigmoid sinus, the lateral and posterior semi 
circular canal are exposed. The 7th cranial nerve is starting to be revealed below the lateral 
semi circular canal b) exposing the all semi circular canals, the vestibule, the facial nerve and 
the tip of the incus. Note that the LSCC is a guide to the 7 nerve, which is running inferior to 
its lateral curvature. c) Further drilling along the posterior face of the petrous pyramid. The 
internal auditory canal is opened and the 7/8th nerve bundle is revealed. The course of the 7th
nerve around the vestibule can be understood. d) the same snapshot as c) but with the semic 
circulalar canals and vestibule removed. The complete course of the facial nerve is visible.
Figure 7. Trans-cochlear approach. a) The semi circular canals and the vestibule have been 
removed and the external auditory canal has been drilled open. The tympanic membrane, the 
ossicles and the cochlea are exposed. The facial nerve (7) is fully exposed from its bony 
coverings to allow its mobilization. b) The ossicles, the tympanic membrane and the cochlea 
have been removed. The courses of the chorda tympani and the greater superficial petrosal 
nerve are visible. Farther drilling after removal of the cochlea shows a very extensive 
exposure anteriorly up to the vertical part of the ICA in the petrous bone. Inferiorly the jugular 
bulb has been exposed. The petrous bone anterior to the internal auditory canal has been 
drilled and the antero-lateral part of the brain stem is exposed. 
Figure 8. Infra-labyrinthine approach. a) The sigmoid sinus (purple) is exposed and the lower 
pre-sigmoid petrous bone has been drilled to reveal the facial nerve. The semicircular canals 
are illustrated by being partially exposed. b) further drilling towards the jugular foramen and
jugular bulb results in the supra jugular bulb approach: The distal sigmoid sinus (SS) and 
jugular bulb (JB) are exposed and the bone above the JB is drilled to provide a superior 
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access to the jugular foramen and the glossopharyngeal, vagus and accessory nerves (9-11). 
The facial nerve (7) is completely freed from its bony canal and may be mobilized to provide 
improve access. c and d) Infra-labyrinthine approach-trans jugular bulb: further drilling 
exposes the JB completely. Ligation and sacrifice of the SS and JB gives a very large 
exposure to the jugular foramen region (d).
Figure 9. Far and extreme lateral approaches. a) anatomical overview of the region from a 
posterior lateral perspective. The skull base has been cropped along a sagittal plane b) 
positioning of the head before the craniotomy. c) far lateral craniotomy extending to the 
foramen magnum. The arch of C1 as well as the condyle has been left intact. Note the course 
of the vertebral artery along upper edge of the C1 lamina. The lower intra-dural course of the 
vertebral artery is usually obstructed by the jugular tubercle d) further drilling of the jugular 
tubercle and the occipital condyle results in the extreme lateral approach. The C1 transverse 
foramen has been opened and the vertebral artery is exposed winding around the occipital 
condyle. The upper part of the C1 lamina has been drilled to increase access to the proximal 
intracranial portion of the vertebral artery, the posterior inferior cerebellar artery (PICA) and 
the lower cranial nerves 9-12. The proximal hypoglossal canal has been opened. e) further 
drilling allows exposure of the complete sigmoid sinus and the jugular bulb. They may be 
mobilized if needed. f) the hypoglossal nerve (12) is exposed after complete removal of the 
occipital condyle. g) sigmoid sinus and jugular bulb are removed to achieve a very extensive 
exposure of the anterior medullary region and the lower lateral skull base. 
Figure 10. Virtual temporal bone developed by the Ohio Supercomputer Center and the Ohio
State University Medical Center. The system incorporates a stereoscopic binocular viewing
apparatus and two force feedback devices. (Stredney D, Wiet GJ, Bryan J, Sessanna D, 
Murakami J, Schmalbrock P, Powell K, Welling B: Temporal bone dissection simulation - an 
update. Stud Health Technol Inform 85:507-13, 2002 [37]).
Figure 11. TempoSurg Virtual Temporal bone simulator developed by the University of
Hamburg, Eppendorf, Germany. The user works with a mirror reflection of the 3D data and 
uses a force feedback device and a food pedal to simulate bone drilling (Zirkle M, Robertson 
DW, Leuwer R, Dubrowski A.Using a virtual reality temporal bone simulator to assess 
otolaryngology trainees. Laryngoscope 117:258-63, 2007 [42]).
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Virtual temporal bone: an interactive 3-dimensional learning aid
for cranial base surgery
Abstract
OBJECTIVE: We have developed an interactive virtual model of the temporal bone for the training and
teaching of cranial base surgery. METHODS: The virtual model was based on the tomographic data of
the Visible Human Project. The male Visible Human's computed tomographic data were volumetrically
reconstructed as virtual bone tissue, and the individual photographic slices provided the basis for
segmentation of the middle and inner ear structures, cranial nerves, vessels, and brainstem. These
structures were created by using outlining and tube editing tools, allowing structural modeling either
directly on the basis of the photographic data or according to information from textbooks and cadaver
dissections. For training and teaching, the virtual model was accessed in the previously described
3-dimensional workspaces of the Dextroscope or Dextrobeam (Volume Interactions Pte, Ltd.,
Singapore), whose interfaces enable volumetric exploration from any perspective and provide virtual
tools for drilling and measuring. RESULTS: We have simulated several cranial base procedures
including approaches via the floor of the middle fossa and the lateral petrous bone. The virtual model
suitably illustrated the core facts of anatomic spatial relationships while simulating different stages of
bone drilling along a variety of surgical corridors. The system was used for teaching during training
courses to plan and discuss operative anatomy and strategies. CONCLUSION: The Virtual Temporal
Bone and its surrounding 3-dimensional workspace provide an effective way to study the essential
surgical anatomy of this complex region and to teach and train operative strategies, especially when
used as an adjunct to cadaver dissections.
